Abstract Management of semi-natural grasslands should be based on the requirements of plants as well as their pollinators since conditions beneficial for plants are not necessarily beneficial for their pollinators and vice versa. The factors affecting the reproductive success (fruit set) of Platanthera bifolia and Platanthera chlorantha and their pollinators in agricultural landscape and woodlands were studied. In the years 2014-2016, we observed and caught moths during the flowering period of Platanthera species (late June-mid July) in four pure P. bifolia, five pure P. chlorantha and nine mixed populations under management or no management in Estonia. We determined pollinator species richness, pollinator abundance, fruit set and visibility of Platanthera plants in each population. We found that pollinator assemblages of P. bifolia and P. chlorantha did not differ between managed and unmanaged sites. Pollinator abundance had an effect on the fruit set of P. bifolia but not on that of P. chlorantha. Presence or absence of management, visibility of plants and rarefied pollinator species richness did not affect the fruit set of either plant species. Pollinator abundance was significantly higher in unmanaged populations of both plant species but rarefied pollinator species richness was higher only in unmanaged populations of P. chlorantha. Based on our findings the recommendations for management of semi-natural grasslands are to promote larger landscape diversity for the benefit of moth abundance by leaving unmanaged patches in different parts of a grassland in different years and rotational and post-fruiting management for higher reproductive success of orchids.
Introduction
In agricultural landscapes, semi-natural communities hold rich biodiversity important in various ways (Duelli and Obrist 2003) . However, there has been a steady decline in the number and area of European semi-natural grasslands during the 20th century, mainly because of abandonment and afforestation (Henle et al. 2008; Poschlod and WallisDeVries 2002) . The disappearance of small to medium-sized farms is one of the reasons why semi-natural grasslands are gradually overgrowing into forests (Nilsson et al. 2013) . The absence of traditional management allows vegetation succession to run its natural course and grassland areas with nearby forests return to woodland (Hansson and Fogelfors 2000) . Nowadays, a number of conservation methods are available for the restoration and maintenance of grassland habitats. The effect of conservation methods on pollinators and their food plants needs to be investigated further to establish the best means of management for diverse grasslands.
Management for conservation purposes should be based on the requirements of plants as well as their pollinators. A key issue is that moth populations benefit from a semi-natural environment with tall vegetation where moths can find more food, shelter and protection from predators (Fuentes-Montemayor et al. 2011; Kuussaari et al. 2007; Ö ckinger et al. 2006) . Increased tree and bush coverage is also beneficial for moth species richness (Kuussaari et al. 2007 ); however, in such conditions managementdependent plants species decrease (Ö ckinger et al. 2006) . Such conditions are also adverse for P. chlorantha and P. bifolia, as they lose out in competition with taller grasses.
Lepidoptera and orchids are valuable bioindicators. The presence of orchids is considered to be an indicator of ecosystem health and functionality (Swarts and Dixon 2009) . Moths, being important pollinators and an essential part of the food chain, are also valuable indicators (Warren and Bourn 2011) , primarily due to short generation time and quick response to environmental change (Erhardt and Thomas 1991) . Moths are also suitable indicators of restoration success in semi-natural grasslands (Pöyry et al. 2005; Rákosy and Schmitt 2011) . Butterfly orchids (Platanthera) which can be found in seminatural habitats in Estonia are in a close mutualistic relationship with their pollinators-moths (Nilsson 1983) ; hence, it is an appropriate pair to concentrate on while studying the effects of management on biodiversity. Pollinators can play an important role in the distribution of plant species since plant traits and reproductive success could be affected by pollinators' physiology, ecology and behaviour (Sargent and Ackerly 2008) .
Semi-natural habitats are mainly managed by mowing and grazing which according to several contradictory reports from different authors affect pollinators and their food plants diversely. It has been found that livestock density negatively affects moth abundance and species richness (Tadey 2015; Littlewood 2008) . Pollinators seem to benefit from abandonment (Pöyry et al. 2004) or late grazing regime which favours taller vegetation and higher flower abundance (Sjödin 2007) . However, other authors have found no differences in butterfly abundance and species richness in grazed and abandoned pastures (Elwell et al. 2016; Sjödin et al. 2008; Ö ckinger et al. 2006 ) but butterfly species richness has been found to increase with increasing vegetation height (Ö ckinger et al. 2006) .
Fruit set (the proportion of flowers which have developed into fruits) of P. bifolia and P. chlorantha varies to a great extent between years and populations (Kindlmann and Jersáková 2006; Maad 2000; Maad and Alexandersson 2004; Nilsson 1983; Vojtkó et al. 2015) and is generally pollinator limited (Maad and Alexandersson 2004) . While Mróz (2006) found no difference in fruit set between managed meadows and unmanaged road verges, Nakahama et al. (2016) detected a negative effect of mowing during JulySeptember on fruit set.
The aim of this study was to find out which factors play a role in the reproductive success (fruit set) of P. bifolia and P. chlorantha and affect their pollinators in semi-natural and woodland habitats. We asked (1) if presence or absence of management affect pollinator assemblages, pollinator abundance and pollinator species richness in P. bifolia and P. chlorantha populations, (2) if the presence or absence of management, visibility of plants, pollinator abundance and pollinator species richness affect the reproductive success of Platanthera species. Additionally, we aimed to find out whether and to which extent fruit set differs between the two Platanthera species and between mixed and pure populations of each species.
Materials and methods

Study species
Sister species Platanthera bifolia (L.) L. C. Rich. and P. chlorantha (Custer) Rchb. are terrestrial orchids with a Eurasian distribution (Hultén and Fries 1986) . Platanthera chlorantha is not distributed as far north as P. bifolia, and its distribution is more fragmented (Hultén and Fries 1986) . In Estonia, P. bifolia is more widely distributed, growing with low densities mainly in lighter forests, wooded meadows and wooded pastures, whereas P. chlorantha can also be found in alvar grasslands. Both species produce 10-20 white hermaphroditic flowers with a nectariferous spur. The flowers emit a sweet fragrance that attracts nocturnal pollinators. In Scandinavia, P. bifolia is known to be pollinated by forest specialist species of Sphingidae and P. chlorantha by open habitat specialist species of Noctuidae (Nilsson 1983) . The plant species differ in flower morphology: P. bifolia has a narrow column with parallel anther pockets, P. chlorantha has a wider column with anther pockets at an angle. Anther pocket positioning within the flower of P. bifolia results in pollinia attaching to the base of the pollinator's proboscis (Nilsson 1983) , while in P. chlorantha, the pollinia attach to the eyes of the pollinator (Nilsson 1978) .
Study sites
We focused on four pure Platanthera bifolia, five pure P. chlorantha and nine mixed populations in both managed and unmanaged sites in Estonia (Fig. 1) . The study started in 2014 when observations were made in six populations. In 2015, four new populations were visited and in 2016, observations were made in eight new populations (Table 1) . Semi-natural grasslands (alvars, meadows, wooded meadows and wooded pastures) under study were divided into two types based on their management scheme: (1) grasslands which had been annually managed for at least 5 years, (2) grasslands where management had been neglected for at least 10 years. Since butterfly orchids were not found in completely overgrown semi-natural habitats, these areas were not included in our study. We chose populations growing in areas where management had been neglected but at least some plants had still survived so that fruit set could be determined. Woodland populations were also included as a comparison with abandoned sites (see Fig. 1 ). Platanthera plants were the main food plants for pollinators in the populations under observation.
Data collection
For determining pollinator species, we observed and caught moths in every population. Observations were made from 22:00 until 00:00 h (GMT ?2), one night per population during the flowering period of Platanthera species (late June-mid July). We chose calm nights with air temperature above 13°C and no precipitation for maximum moth activity. Nights with such weather conditions were scarce during flowering seasons and for that reason we did not make observations for more than one night per population. Moth species visiting the inflorescences (pollinator species richness) were recorded. Pollinator abundance was estimated as the sum of individuals observed pollinating and carrying pollinia as well as individuals carrying pollinia caught with light trap per population. To catch additional pollinators, we used a light trap with a 250 W clear mercury vapour lamp, which was switched on from 00:00 until 02:00 h. Caught moths carrying pollinia and/ or who had been previously observed pollinating were considered as pollinators. In mixed populations, moths carrying pollinia on their proboscises ( Fig. 2a) were considered pollinators of P. bifolia and moths with pollinia attached to their eyes ( Fig. 2b ) were considered pollinators of P. chlorantha according to previous studies (Nilsson 1978 (Nilsson , 1983 . The composition of pollinator assemblage was thus determined both by observation and a light trap (similarly to Tadey 2015). For determining reproductive success, we counted the flowers and fruits of at least 15 plants (in smaller populations all the plants were included) and calculated the proportion of flowers which developed into fruits (fruit set). In each population, we determined visibility: if the surrounding vegetation was dominating and concealing Platanthera plants potentially rendering them hidden from pollinators the visibility was marked with 'No' and when clearly visible with 'Yes'.
Statistical analysis
To test for the effects of the presence and the absence of management on pollinator community composition, we used permutation-based multivariate analysis of variance (PERMANOVA). Bray-Curtis distance measure and 4999 random permutations were used. We also tested for multivariate homogeneity of group dispersions. As a result of the distance based dispersion test and permutation test, assumption of homogeneity was met for the P. bifolia pollinator community but not for the P. chlorantha pollinator community. We used the non-metric multidimensional scaling (NMDS) test to visualise managed and unmanaged sites in species space. Again, the BrayCurtis statistic was used as the measure of ordination distance among pollinator communities.
We used the t test to compare fruit set, pollinator abundance and pollinator species richness and the Mann-Whitney U test to compare the visibility of plants between abandoned and woodland populations. Since no differences were found, the data of these populations were pooled.
We used GLM with Gaussian distribution to test the effects of management, visibility, pollinator abundance and pollinator species richness on fruit set. Prior to the analysis, a logit transformation was performed on the fruit set data according to the recommendations of Warton and Hui (2011) . Visibility was treated as a binary variable (yes/no). Abundance-based rarefaction method was used on pollinator species richness data. GLMs with Poisson distributions were used to analyse the effects of management on pollinator abundance and pollinator species richness of each Platanthera species separately. Additionally, we tested if the area of the sites under observation and population size had an effect on the fruit set, pollinator abundance and pollinator species richness but no effect was found. Populations where no pollinators were observed or caught were not included in the analysis.
To compare the fruit set between Platanthera species and between mixed and pure populations of each species, the t test was used as the data were normally distributed.
All tests were performed using R version 3.3.2 (2016-10-31). 
Results
Pollinator assemblages
Platanthera bifolia
In total, three moth species and 28 specimens were considered as pollinators of P. bifolia during the study. Pollinators were observed and/or caught in eight populations (three managed and five unmanaged) and the main pollinators were Sphinx ligustri and S. pinastri (Table 2) . No pollinators were found in five populations (three managed and two unmanaged).
Solution in NMDS with stress \ 0.05 was reached. In Fig. 3a , the NMDS ordination based on pollinator species and their abundances is presented. It shows that managed and unmanaged sites overlapped somewhat, an unmanaged and managed population were overlapping, as were two unmanaged sites. The result of PERMANOVA was statistically insignificant (P = 0.72), so there was no difference between managed and unmanaged sites in pollinator composition.
Platanthera chlorantha
In 13 sites, a total of 14 moth species and 65 specimens were considered as pollinators of P. chlorantha during the study. In The main pollinators of P. chlorantha belonging to families Noctuidae (11 species) and Sphingidae (three species) and their abundances across all sites are presented in Table 2 . In one unmanaged population, no pollinators were found. Stress for NMDS solution was 0.05. The NMDS ordination showed that managed sites were more sparsely distributed in the plot suggesting that they had a low degree of similarity, while unmanaged sites showed greater similarity but were situated within the managed sites species space (Fig. 3b) . The result from the PERMANOVA statistical analysis showed that the pollinator community compositions in managed and unmanaged sites were not significantly different (P = 0.13).
Different factors influencing fruit set
GLM showed that pollinator abundance had an effect on the fruit set of P. bifolia but not in P. chlorantha (Table 3) . Fruit set of either plant species was not affected by the presence or the absence of management, visibility of plants and rarefied pollinator species richness.
The effect of management on pollinator abundance and pollinator species richness GLM showed that pollinator abundance was significantly higher in unmanaged populations of both plant species. Rarefied pollinator species richness was higher in unmanaged populations of P. chlorantha but did not differ between managed and unmanaged populations of P. bifolia (Table 4) .
Comparison of fruit set between species and between mixed and pure populations Fruit set did not differ statistically between P. bifolia and P. chlorantha in 2014 (means 50.4% and 36.7%, respectively, P = 0.48) and 2016 (means 59.6% and 80.0%, respectively, P = 0.15). We could not test for differences in 2015 because there were only two sites for each species under observation that year. The fruit set of mixed and pure populations of P. chlorantha did not differ (means 69.0% and 39.8% respectively, P = 0.11), neither did the fruit set of mixed and pure populations of P. bifolia (means 57.5% and 71.7% respectively, P = 0.45).
Discussion
Our study revealed that only a few moth species pollinate Platanthera bifolia but their abundance could play an important role in the reproductive success of the plant species. P. chlorantha, in contrast, is pollinated by many moth species; however, the reproductive success of the plant species may not be dependent on pollinator abundance. While this study did not demonstrate any effect of the presence or the absence of management on Platanthera species, pollinator abundance was higher in unmanaged sites. However, as we made observations for one night per population, our results need to be confirmed by further research.
Both moths and orchids probably benefit from a certain degree of abandonment, for moths more abandonment could be favourable because taller vegetation provides them more food and shelter, post-fruiting or rotational management could benefit orchids because mowing or grazing at the end of their vegetation period or no management every other year allows the plants to flower and set fruit. Pollinator assemblages
In accordance with earlier findings of Nilsson (1978 Nilsson ( , 1983 and Boberg et al. (2014) in Scandinavia, we also found that the main pollinators of Platanthera bifolia belonged to the Sphingidae family and pollinators of P. chlorantha to the Noctuidae family in Estonia. Pollinator assemblages of P. bifolia did not differ between managed and unmanaged sites. The main pollinators Sphinx ligustri and S. pinastri were found in both habitat types. This result was expected because the managed sites (wooded meadows) and unmanaged ones (abandoned wooded meadows and woodlands) are both suitable habitats for hawk moths.
Pollinator community composition of P. chlorantha also did not differ between managed and unmanaged sites but unmanaged sites showed greater similarity to each other than managed sites. Most of the pollinator species caught during this study prefer open habitats with the exception of S. pinastri. Although it is considered a woodland species (Pavlikova and Konvicka 2012), we found S. pinastri also in a managed site.
Different factors influencing fruit set
Pollinator abundance had an effect on the fruit set of Platanthera bifolia. The more pollinators within the insect population, the more flowers are potentially pollinated and this results in higher fruit set (Amorim et al. 2014; Lowenstein et al. 2015; Petanidou et al. 2013) . However, this effect did not appear in P. chlorantha which could be explained by low moth activity in observation nights. Presence or absence of management did not affect the fruit set of either Platanthera species. This result is in accordance with the study of Mróz (2006) who found no differences in fruit set between managed and unmanaged populations of Colchicum autumnale. To the best of our knowledge, other than the previously mentioned study, there are practically no studies that have examined differences in fruit set between managed and unmanaged habitats. Absence of management influences orchid populations, as after several seasons the increasing layers of litter may restrict seedling emergence and establishment (Schrautzer et al. 2011) . Although moths preferably respond to scent (Balkenius et al. 2006) , it could be assumed that in unmanaged grasslands it is more difficult for pollinators to detect flowering plants due to surrounding and dominating vegetation as visual stimuli give them direction (Nilsson 1978) . However, in our study, visibility of plants did not affect the fruit set of either study species. Rarefied pollinator species richness also had no effect on the fruit set of either Platanthera species which could be explained by the fact that pollinator species of P. bifolia and P. chlorantha are all nocturnal moths, they share feeding times and pollinate in the same way, so only a few moth species may be sufficient pollinators in a population. However, other authors (Klein et al. 2003; Lowenstein et al. 2015; Mallinger and Gratton 2015) have had contrary results with flower-visiting bees where species richness increased the fruit set of study plants. One explanation for these contrasting results is that different bee species forage at different times during the flowering season and therefore complement each other in pollination.
The effect of management on pollinator abundance and pollinator species richness
Pollinator abundance of both Platanthera species was significantly higher in unmanaged populations. Our results are in accordance with previous studies which have found that moth abundance is higher in abandoned and unmanaged grasslands (Littlewood 2008; Pöyry et al. 2004) . Rarefied pollinator species richness was significantly higher in the unmanaged sites of P. chlorantha but pollinator species richness of P. bifolia does not seem to be affected by either management or abandonment, as previous authors have shown (Elwell et al. 2016; Ö ckinger et al. 2006; Sjödin et al. 2008) . However, in contrast to our results, these authors also showed that pollinator abundance is similar in managed and unmanaged grasslands. Moths prefer taller vegetation (Sjödin 2007 ) and higher flower abundance (Kuussaari et al. 2007; Pöyry et al. 2004 Pöyry et al. , 2009 Sjödin 2007) , conditions which are present in unmanaged grasslands and this could explain why in our study, pollinator abundance was higher in unmanaged sites. However, in the absence of management at some point, grasses start to dominate and flower abundance decreases which in turn is disadvantageous for moth pollinators. We could not select sites with such a degree of abandonment because all the orchids had long since died out by then (see former note in ''Study sites''). We did not see pollinators in five populations of P. bifolia and in one P. chlorantha population but in most of these sites fruit set was quite high. Since moths, especially sphingids, are able to fly distances of several kilometres (Merckx et al. 2009 ) it could be that a random passer-by was responsible for high fruit set. Tałałaj et al. (2017) showed that though autogamy is possible in P. bifolia, it however did not occur in bagged plants. The high fruit set in some of our study sites therefore cannot be explained as a result of spontaneous autogamy. Comparison of fruit set between species and between mixed and pure populations
Fruit set varied to a great extent between years but was mostly rather similar between our study species irrespective of the fact that the number of pollinator species differed greatly between the studied plant species (three in P. bifolia and 14 in P. chlorantha). Our research showed that the fruit set of P. bifolia and P. chlorantha did not differ in the study years. In all study years, the fruit sets of both species were in the range of fruit sets reported by other authors (Kindlmann and Jersáková 2006; Maad 2000; Maad and Alexandersson 2004; Nilsson 1983; Vojtkó et al. 2015) . The similarity in fruit set between the plant species with a contrastingly different number of pollinator species shows again that pollinator species richness does not seem to affect the reproductive success of butterfly orchids and in fact pollinator abundance may be of key importance, as several authors have shown in other plant species (Amorim et al. 2014; Lowenstein et al. 2015; Petanidou et al. 2013) . The fruit set of mixed and pure populations of either Platanthera species did not differ so neither plant species seems to benefit from growing together with the sister species.
Conclusions
Our study demonstrates that the pollinators of Platanthera bifolia and P. chlorantha, moth species belonging to families Sphingidae and Noctuidae, may be favoured by the absence of management as their abundance was higher in unmanaged sites compared to the managed ones. Fruit set of P. bifolia, in turn, seems to benefit from higher pollinator abundance; however, in P. chlorantha, pollinator abundance had no effect on fruit set and the fruit set of neither Platanthera species was affected by the presence or the absence of management in this study. Based on our findings, the recommendations for management of semi-natural grasslands are to promote larger landscape diversity for the benefit of moth abundance by leaving unmanaged patches in different parts of a grassland in different years and rotational and postfruiting management at the end of August for higher reproductive success of orchids. 
